Abstract Intracellular and voltage-clamp recordings were made from sympathetic B neurons to investigate an interaction between peptidergic and cholinergic responses in bullfrog sympathetic ganglia. Stimulations of both 3rd-5th (0.2 Hz) and 8th (30 Hz) spinal nerves evoked the fast excitatory postsynaptic potential (EPSP) superimposed with the late slow EPSP at the same sympathetic neuron. The amplitude of fast EPSPs was decreased during the course of the late slow EPSP in a majority of sympathetic neurons. The mean depression of the fast EPSP amplitude was 51 + 4 % (n = 24). The quantal content of the fast EPSP was also depressed by 54±3% (n =10) during the late slow EPSP. Acetylcholineinduced depolarization (ACh potential) and current (ACh current) produced by an ionophoretic application of ACh were not reduced during the late slow EPSP. Bath-application of LH-RH (40 nM-4 µM) depressed the fast EPSP in a concentration-dependent manner; at a concentration of 1 µM, it produced a 63±8° (n =8) depression of the quantal content of the fast EPSP. LH-RH (1-4, tM) depressed the frequency of the miniature (M) EPSPs by 25±4% (n =5) of control. Antagonists for luteinizing hormonereleasing hormone (LH-RH) receptor, ]-LH-RH, prevented the presynaptic inhibition of the fast EPSP induced by LH-RH. These results suggest that the fast EPSP is depressed during the late slow EPSP by decreasing the evoked release of ACh from presynaptic nerve terminals in bullfrog sympathetic ganglia.
which remained during voltage clamping amounted in amplitude to less than a few percent of the original potentials.
The ionic composition of Ringer solution was as follows (mM): NaCI l 12, KC12, CaCl2 1.8, and NaHCO3 2.4. The low Ca/high Mg solution had 0.6-0.9 mM Ca2 + and 5-6.7 mM Mg2 +. Fast EPSPs were elicited by stimulations of a 3rd-5th spinal nerve (sympathetic chain above the 5th ganglion) at a rate of 0.1-0.5 Hz. The amplitude of fast EPSPs was partially reduced by application of curare (5-50RM) to block the action potential at the postganglionic neurons. Quantal content of the fast EPSP was analyzed by the variance method in a low Ca/high Mg solution (DEL CASTILLO and KATZ,1954; KATO and KUBA,1980) . The late slow EPSP was evoked by a train of repetitive (30 Hz for 7-15 s) stimuli applied to the 8th spinal nerve fiber through the suction electrode. For ionophoresis of ACh, a micropipette filled with 1 M ACh was placed close to the ganglion cells. The current (30-60 nA for 10-30 ms) for ionophoresis was passed while a small (up to 5 nA) anodal current was applied continuously to prevent a leakage of ACh from the pipette. The tip resistance of ACh pipette was 70-150 MSS. Atropine (1-3 /iM) was added to the Ringer solution to block the muscarinic receptors. The presynaptic action potential was recorded with a glass microelectrode filled with 1 M NaCI and placed on the synaptic region of the ganglion cell membrane (GINSBORG, 1971; KATO and KUBA, 1980) . Drugs were dissolved in the physiological solution and administrated in the superfusate. The drugs used were acetylcholine chloride (Sigma), (+ )-tubocurarine chloride (curare; Sigma), atropine sulphate (Merck), luteinizing hormone-releasing hormone (LH-RH, Protein Research, Osaka), , Pro3]-LH-RH (Sigma) and ]-LH-RH (Sigma). All experiments were carried out at room temperature (20-22°C) . All data are expressed as mean ± S.E. mean.
RESULTS
Interaction between the fast EPSP and the late slow EPSP Repetitive stimulations (30 Hz for 15 s) of the 8th spinal nerve could produce a slow depolarization, the late slow EPSP without producing cholinergic postsynaptic responses in sympathetic B neurons (SCHULMAN and WEIGHT, 1976; JAN and JAN, 1982) . At the same ganglion cells, the fast EPSP was obtained by stimulations of 3rd-5th spinal nerves at a rate of 0.2 Hz (Fig. 1A) . Interaction of "nicotinic" fast EPSP with "peptidergic" late slow EPSP was examined on 38 sympathetic B neurons. A combined stimulation of 3rd-5th and 8th spinal nerves elicited fast EPSPs superimposed on the late slow EPSP at the same ganglion cells (Fig, 1B) . The membrane resistance was increased during the late slow EPSP. The amplitude of the fast EPSP was decreased during the late slow EPSP in 24 (63%) neurons tested (Fig.  1B) . The depression of the fast EPSP was clearly seen at the resting potential level when the late slow EPSP was nullified by an injection of anodal current through a recording microelectrode. In 9 neurons (24%) the fast EPSP was not significantly changed during the late slow EPSP. From these experiments, 51 + 4% (mean ± SE., H. HASUO and T. AKASU n = 33) depression of the amplitude of fast EPSPs was produced at the original resting membrane potential level. In a small population of ganglion cells (n =5, 13%), the amplitude of the fast EPSP was increased by 15% at the resting membrane potential level during the late slow EPSP. These changes of the fast EPSP was not blocked by an a-adrenoceptor antagonist, phenoxybenzamine (3-10 JIM) which blocked the inhibition of the fast EPSP produced by adrenaline in bullfrog and rabbit sympathetic ganglia (CHRIST and NISHI, 1971; KATO et al., 1985) . Sensitivity of nicotinic ACh receptors during peptidergic responses Postsynaptic response to ACh was examined during the late slow EPSP in 15 sympathetic neurons to compare the changes in the fast EPSP. The ACh-induced depolarization (ACh potential) was produced by ionophoretic application of ACh in Ringer solution containing atropine (1,uM) , where the muscarinic response was blocked. During the late slow EPSP the amplitude of ACh potentials was not changed in 12 neurons (80%) tested ( Fig. 2A) . In 3 neurons (20%), the amplitude of the ACh potentials was slightly increased. The augmentation was, however, less than 1500 of the control amplitude and the data were statistically not significant. ACh-induced postsynaptic current (ACh current) was recorded from voltageclamped sympathetic neurons. In 5 neurons out of 6 neurons the ACh current did not significantly change its amplitude during the late slow excitatory postsynaptic current (EPSC) (Fig. 2B ). However, a slight increase in the ACh current was seen in the one other neuron. It is, therefore, unlikely that the depression of the fast EPSP during the late slow EPSP is due to the depression of the sensitivity of nicotinic receptors at the postganglionic neurons. Quantal content of the fast EPSP during the late slow EPSP The quantal content was calculated by the variance method (DEL CASTILLO and KATZ, 1954) from 20 consecutive recordings of the fast EPSP in a low Ca/high Mg solution. The quantal content of the fast EPSP was reduced during the late slow EPSP. From 10 experiments, the depression of the quantal content was 54 + 3 during the late slow EPSP. At the same neuron, the quantal size of fast EPSPs was not reduced during the late slow EPSP (Fig. 3) .
Effects of luteinizing hormore-releasing hormone
Amplitude of the fast EPSP. Treatment of the ganglion cell with LH-RH (1,uM) produced a depolarizing response (15±6 mV, n = 40) associated with increased membrane resistance at the membrane potential of -50 to -60 mV. The amplitude of the fast EPSP was decreased during the LH-RH-induced depolarization in 31 of 42 neurons tested. Figure 4A illustrates an example of the inhibition of the fast EPSP by LH-RH (1 µM). In other neurons, LH-RH produced no significant change in the fast EPSP amplitude. These results are consistent with those reported previously (HAsuo and AKASU, 1986) . Concentration-dependent inhibitory effects of LH-RH on the nicotinic transmission was examined in 35 neurons. The inhibition of the fast EPSP amplitude increased as the concentration of LH-RH was increased ( Fig. 4B and C) . The minimum effective concentration of LH-RH was 40 nM; it produced a 22± 5 % depression of the fast EPSP amplitude.
On the other hand, at a concentration of 4,uM, LH-RH produced almost the maximum depression (more than 80%) of the amplitude of the fast EPSP (Fig. 4C) . Effect of LH-RH antagonist. The late slow EPSP is known to be mediated by LH-RH-like peptide (EIDEN and EsKAY, 1980; JAN et al., 1980b; JAN and JAN, 1982; KATAYAMA and NISHI, 1982) . The specificity for the LH-RH receptor mediating presynaptic inhibition of the fast EPSP was examined by use of two structurally related compounds, [D-Phe2°6, Pro3]-LH-RH and [D-pGlul, D-Phe2, DTrp3'6]-LH-RH which are reported to be potent antagonists for LH-RH receptors (HUMPHRIES et al., 1978; RIVIER and VALE, 1978; JAN and JAN, 1982) . Figure 5A illustrates again the inhibition of the fast EPSP during the depolarization induced by LH-RH. Bath-application of an antagonist, [D-Phe2'6, pro3]-LH-RH, at a concentration of 20 µM produced no significant effects on the membrane potential and resistance. In this neuron, no depression of the fast EPSPs was produced by this antagonist. [D-Phe2'6. Pro3]-LH-RH inhibited the LH-RH induced depolarization and the depression of the fast EPSP (Fig. 5B) . The other antagonist [D-pGlul, DPhe2, D-Trp3'6]-LH-RH at a concentration of 10-20 JIM also antagonized the inhibitory effect of LH-RH on the fast EPSP. The potency of these two antagonists was essentially the same.
Quantal content of the fast EPSP. The effect of LH-RH (20 nM-4 µM) on the quantal release of ACh from preganglionic nerve terminals was also examined in sympathetic B neurons. The quantal content of the fast EPSP was determined by the variance method from 60 consecutive recordings of the fast EPSP in a low Ca/high Mg solution. Application of LH-RH (1 µM) depressed the quantal content of the fast EPSP by 63± 8 % (n = 8). No long-term potentiation of the quantal content was seen, when LH-RH was removed from the superfusing solution. Figure 6 shows a concentration-dependent inhibition of the quanta! content of the fast EPSP produced by LH-RH (0.02-4 µM). The threshold concentration of LH-RH to produce 1000 depression was 20 nM (Fig. 6 ). The concentration that produced a half maximum inhibition (EDso) was 0.5 JiM. The quanta! content of the fast EPSP analyzed by the failure method was essentially the same as that obtained by the variance method. These results suggested that peptidergic transmitter inhibited presynaptically the fast EPSP, decreasing the amount of ACh quanta released from cholinergic nerve terminals. Miniature EPSP. A possible mechanism of presynaptic inhibition would be that depolarization of the excitatory nerve terminals caused by LH-RH leads to a reduction in the size of the action potential and to a decrease in the release of ACh. To test this possibility, the effect of LH-RH on miniature excitatory postsynaptic potentials (MEPSP) was tested, because the frequency of MEPSPs is sensitive indicator of the presynaptic membrane potential (KATZ, 1966) . The MEPSP was recorded in a Ringer solution containing either 2 or 10 mM K. LH-RH (1 µM) produced a 8 ± 6 % (n = 7) depression of the amplitude of the MEPSP. This value was, however, statistically not significant. On the other hand, LH-RH decreased the frequency of the MEPSP (Fig. 7) . From 6 experiments, the mean frequencies of the fast MEPSP were 0.19 + 0.02 and 0.14 + 0.03 s -1, respectively in the Ringer solution extracellularly from presynaptic nerve terminals in a Ringer solution containing 100 µM curare. The recording microelectrode was placed on the synaptic region of the ganglion cell (GINSBORG, 1971; KATO and KUBA, 1980) . The spike potential was blocked by TTX (1 µM), suggesting that it is mainly generated by an increase in the Na conductance. The amplitude of the presynaptic spike potential was not influenced by application of LH-RH at a concentration of 1 -4 µM (n = 8).
Tetanic nerve stimulation. Preganglionic nerves were stimulated at an interval of 50-80 ms for five impulses (Fig. 9) . The size of the second fast EPSP was always larger than that evoked by the head of the train of stimuli. As repetitive stimulations were continued, the amplitude of fast EPSPs was gradually decreased, although the magnitude of depression was not prominent (Fig. 9 ). This depression is probably due to a depletion of the readily releasable pool of ACh (BETZ, 1970; CHRIST and NISHI, 1971) . Fifteen minutes after termination of the train of nerve stimuli, where the fast EPSPs returned to control amplitude, LH-RH (1 µM) was applied to the sympathetic ganglion cells. LH-RH caused approximately 70% depression of the amplitude of the fast EPSP. Ten minutes after the beginning of LH-RH application, preganglionic nerves were again stimulated at 10 Hz for 0.5 s. During repetitive stimulations the fast EPSP gradually increased in size (Fig. 9) . The fast EPSP evoked by the 1 ast stimulation was more than twice as large as that evoked by the head of a train of stimuli. The facilitation of the fast EPSP amplitude returned within 5 min after termination of the nerve stimulation. Preparations were treated with 50 JIM curare. Note that an initial facilitation followed by a depression of the fast EPSP amplitudes was seen in control solution.
On the other hand, only the facilitation was recorded in the presence of LH-RH.
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DISCUSSION
The present results clearly demonstrated that the fast EPSP was depressed during the late slow EPSP in bullfrog sympathetic ganglia. The current produced by direct application of ACh to the ganglion cells was not significantly affected during the late slow EPSC in most neurons tested. Quantal content of the fast EPSP was, on the other hand, strongly depressed during the late slow EPSP and by LH-RH application. These results suggest that cholinergic nicotinic transmission is inhibited presynaptically during activation of peptidergic neurons in sympathetic ganglia. Our previous report has shown that the exogenous LH-RH inhibited not only the ACh quanta released from presynaptic nerve terminals but also the ACh response at the postganglionic neuron (HASUO and AKASU, 1986) . In the present study, no significant depression of ACh responses could be detected during the late slow EPSP. LH-RH-like peptide released from preganglionic C nerve terminal by 8th spinal nerve stimulations might be too small in concentration to produce the postsynaptic effect of cholinergic transmission. Recently, it has been reported that the natural transmitter which mediates the late slow EPSP is different from a "mammalian" LH -RH but is rather a structurally related peptide , like "teleost" or "chicken II" LH -RH (JONES et al ., 1984; JONES, 1987) . Further experiments are, therefore, needed to clarify the postsynaptic actions of LH-RH. SCHULMAN and WEIGHT (1976) reported that the "nicotinic" fast EPSP was enhanced during the late slow EPSP. A slight augmentation of the fast EPSP amplitude was observed in a small population of sympathetic neurons. The potentiation of the fast EPSP may be due to an increased membrane resistance of postganglionic neurons as has been reported by SCHULMAN and WEIGHT (1976) .
Adrenaline has been found to exist in bullfrog sympathetic ganglia and to be released by stimulations of pre-and postganglionic nerve fibers (MARTINEZ and ADLER-GRASHINSKY, 1980; SUETAKE et al., 1981) . Exogenously applied adrenaline reduced the evoked ACh release from preganglionic nerve terminals in mammalian and bullfrog sympathetic ganglia (CHRIST and NIsHI, 1971; KUBA et al., 1981; KUBA and KUMAMOTO, 1986) . If adrenaline was released from nerve elements during peptidergic depolarization, the released adrenaline could inhibit the ACh output. The inhibition of the fast EPSP was, however, not antagonized by an a-adrenoceptor blocking agent, phenoxybenzamine which is a selective antagonist for presynaptic inhibitory adrenoceptors (CHRIST and NIsHI, 1971; KATO et al., 1985) , but by antagonists for LH-RH receptors ]-LH-RH (HUMPHRIES et al., 1978; RIVIER and VALE, 1978; JAN and JAN, 1982) . These results suggested that presynaptic inhibition of the nicotinic transmission is due to a direct effect of peptidergic transmitter rather than adrenaline.
The mechanism for the "presynaptic inhibition" of cholinergic transmission during an activation of the peptidergic neuron is not entirely clear at present. ECCLES (1964) described the "presynaptic inhibition" of transmission with regard to the regulation of the spinal mono-synaptic reflex. The primary afferent de- polarization induced by y-aminobutyric acid (GABA) caused an inhibition of the voltage-dependent calcium influx during the action potential. This may lead to a reduction of transmitter release from primary afferent nerve terminals. The mechanism of peptide neuron-mediated presynaptic inhibition seems, however, unlikely to be the same as that of GABA. The frequency of the MEPSP was not increased but rather decreased during the application of LH-RH. LH-RH produced neither reduction of the amplitude of the preganglionic Na spike nor blockade of the propagation of the action potentials to nerve terminals. Thus, depolarization of preganglionic nerves may not be involved in the mechanism for the presynaptic inhibition of the nicotinic transmission during the late slow EPSP. The quantal content (m) of the EPSP is dependent on the number of quanta readily available for release (N) and the probability of release for each quantum (p), according to the equation m = Np. After a tetanic nerve stimulation, the size of the EPSP became much smaller than it was during a rested control period. This depression is reported to be due to the depletion of the releasable ACh pool (LILEY and NORTH, 1953; TAKEUCHI, 1958; THIES, 1965) . At low quantal contents, on the other hand, where depression does not occur, a period of facilitated release follows in the wake of one stimulus. DEL CASTILLO and KATZ (1954) proposed that underlying this change was p, the probability of quantal release. The facilitation may reflect a residual increase in calcium concentration following terminal nerve impulses (KATZ and MILEDI, 1968; BARRETT and STEVENS, 1972) . In the rabbit superior cervical ganglia, adrenaline decreased the ACh output from preganglionic nerve terminals by decreasing readily releasable ACh (CHRIST and NISHI, 1971) . In paravertebral sympathetic ganglia of bullfrogs, the depression also occurred during tetanic preganglionic nerve-stimulations in normal Ringer solution. LH-RH did not, however, potentiate the rate of the "depression," but rather restored the amplitude of the fast EPSP. This indicated that LH-RH did not produce a depletion of the releasable ACh (N) in pool. The increase in the fast EPSP amplitude produced by repetitive preganglionic nerve stimulations in the presence of LH-RH is due probably to an increase in intracellular calcium ions during tetanic stimuli.
Depressed frequency of the MEPSP suggests that LH-RH decreases the concentration of free calcium ions at the intracellular space of preganglionic nerve terminals in bullfrog sympathetic ganglia. This may lead to a depression of the probability (p) of the quantal release of ACh. Previous voltage-clamp study has shown, however, that LH-RH did not depress the slow inward current which passes through voltage-dependent calcium channels at the postganglionic neurons (AKASU et al., 1983) . It seems, therefore, unlikely that the depression of evoked release of ACh is due to an inhibition of active calcium influx generated during the action potential. Persistent calcium influx which occurs at the resting membrane potential has been described in a variety of neurons (ECKERT and LUx,1976; JOHNSTON et al., 1980; BROWN and GRIFFITH, 1983; NORTH and TOKIMASA, 1987) . We speculated that an inhibition of the persistent calcium entry could be involved in a reduction of the concentration of intracellular calcium ions. 
